In Canada, most of the forests are publicly owned and forest products companies depend 18 on timber licenses issued by the provincial governments for their wood supplies.
19
According to the Sustainable Forest Development Act effective in the province of 20 Québec since April 2013, the government is responsible for harvest area selection and 21 timber allocation to companies. This is a complex tactical planning decision, with 22 important impacts on downstream economic activities. Moreover, in order to avoid high-23 grading of forest resources and to determine a sustainable tactical plan which ensures a 24 stable level of availability, quality and cost of supply over several years, it is necessary to 25 simultaneously take these criteria into consideration during the planning process. We 26 propose a mixed-integer nonlinear goal-programming formulation while employing Nadir 27 theory as a reliable scaling technique to model this multi-objective planning problem.
28
The model is solved by a linearization approach for a real case in the province of Québec. In Canada as a major forested country, forest resources provide significant 38 environmental, social and economic value, and in order to exploit this value the forest 39 products industry is organized in a complex industrial system known as a value chain, 40 starting from the forest up to markets (Audy et al., 2016) and/or cost minimization) perspective. A few studies also include the production process.
90
In Chile for instance, Epstein et al. (1999) Brodie, 1979; Ducheyne et al. 2004; Diaz-Balteiro and Romero, 2003) . At short-term 149 planning, Hotvedt et al. (1982) proposed a heuristic approach for weight setting for a At the tactical level, Kazana et al. (2003) 
200
The structure of this paper is as follows: in Section 2 the research problem is described in 
203
The discussion on the computational tests is presented in Section 6. This paper ends with 204 conclusions and some future research avenues in Section 7. 
Problem description

206
Consideration of multiple criteria in forest management planning has become a necessity 207 rather than a special case (Rönnqvist et al., 2015) . In that regard, the current study 
227
Every year, the MFFP replenishes a register of harvest areas as new areas are surveyed.
228
Even though the MFFP aims to have enough harvest areas in the register to cover five 229 years of harvesting, often the pool has fewer harvest areas than needed for five years.
230
Additionally, each year the demand situation and road network accessibility may change.
231
That is why decision makers (DM) adopt a rolling horizon re-planning strategy and need under study is being considered at the forest management unit level, and each FMU is 241 responsible for supplying the wood processing mills within its territory.
242
Moreover, in order to highlight the potential of using a multi-objective planning strategy, 243 the proposed model is tested for an FMU in the province of Québec and is compared to a 244 commonly considered planning strategy for tactical forest management which can be 245 described as follows. Before the Sustainable Forest Development Act came to effect, the 246 wood-processing plants that had supply and forest management agreements with the 247 government were responsible for forest planning to obtain their required supply; at that 
271
On the other hand, GP considers multiple objectives simultaneously in the optimization 272 process. In a general GP approach a specific numeric goal for each of the objectives will 273 be established, then a solution that minimizes the weighted sum of deviations of the 274 objective functions from their respective goals will be sought. In fact the three criteria 275 under study have very different nature and numeric magnitude, hence, in order for 276 adequate functioning of the GP, the respective objective functions need to be normalized.
277
The use of Nadir theory and Payoff 
286
We first establish a target value for each of the three optimization criteria considered, and 287 then three individual models will be solved to minimize the maximum deviation of each We employ the knowledge of Nadir objective vector and Payoff Table method entire Pareto-optimal set (not in the entire search space) (Deb, 2001) . For instance, the 299 Nadir value of ݂ ଵ equals to its value in the optimal solution of ݂ ଶ (i.e., ‫ݔ‬ * (ଶ) ):
(1) shows how objective function ݂ ଵ is normalized in the entire Pareto-301 optimal region by means of its optimal and Nadir values.
It is not a straightforward task to calculate the exact value of the Nadir point for more 303 than two objectives because the Nadir point requires the knowledge of extreme Pareto-304 optimal solutions (Deb and Miettinen, 2010 Here we provide the step-by-step procedure required to implement GP approach for the 355 defined problem in the Québec context.
356
Step 1: Since no demand information for the anticipation period is available, an harvest areas during the anticipation period.
360
Step 2: Solve the model that minimizes the wood left uncut inside selected areas during 361 year 1. The purpose is to limit the volume that will inevitably be left uncut inside selected 362 harvest areas during each time period 1.
363
Step 3: Solve a constrained transportation model to obtain the minimum average unit 364 transportation cost that sets the respective target value in the following models.
365
Step 4: Solve the model associated to each of the three criteria individually.
366
Step 5: Solve the multi-objective model. have the same value of ߚ for all of our models; otherwise, different demand structure for 378 period 2 in different models would hinder the comparability of the respective solutions.
379
In order to determine an appropriate value for ߚ, we solved a separate model to 380 determine what the maximum possible value of ߚ is, given all relevant constraints.
Eqs. (4-5) respectively assure that the average transportation distance and average unit 382 purchasing and transportation cost are kept less than a maximum limit specified by the 
Each stem type includes a number of species; however, mills may accept to receive only 390 a particular percentage range (ߩ ௦ , ߩ ௦ ௫ ) of their annual allocation of a specific stem 391 type to be of a specific species and this matter has been modeled in Eq. (7).
Eqs. (8-10) ensure that the total allocated volume of a stem type from a specific 393 harvesting area in each time period does not exceed its available volume at that area. states the assumption that the initial wood (remaining from before the current planning 399 horizon) that must be allocated during time period 1 is zero.
‫ܮ‬ (௧ିଵ) = 0 ∀ܽ ∈ ‫,ܣ‬ ‫‬ ∈ ܲ, ‫ݐ‬ = 1 (11)
The MFFP annually grants a limited budget for silvicultural treatment to support and 401 encourage companies following specific prescriptions inside selected harvest areas. Eqs.
402
(12-13) restrict this subsidy to the annual limit during business period and to ߚ times the 
The multi-objective function ݂ ெை (Eq. 31) minimizes the weighted-sum of the period. The proposed linearization procedure is explained as follows.
446
Step 1: Solve an MIP model that minimizes the total cost over the entire planning horizon 447 to obtain a proper base value for the denominators of the nonlinear functions. Step 2: 
Description of Canadian case study
457
The study is comprised of a real case (named Case A), of the FMU 07451 inside region 7, developed. Some key information on the cases A and B are shown in Table 2 .
470
All the required data for the case has been provided by the MFFP and some have 471 particularly been extracted from the simulation software FPInterface developed by
472
FPInnovations, the research and development center of the Canadian forest industry.
473 Table 3 presents a summary of the properties of the harvest areas in the Case A. 
489
From the results shown in Table 4 we observe that the proposed linearization solution 490 procedure has been able to obtain a more balanced plan for Case A relative to MinCost 491 strategy in about five hours while the solver BARON has not been able to solve this case.
492
Often, and in this case also, much more supply is available than the actual demand of 
Analyzing the impact of logistics constraints
520
In order to explore the potential savings in the logistics costs of the whole system,
521
another test has been conducted in which all logistics constraints imposed by the 522 stakeholders were removed from the base multi-objective model. We call this solution,
523
system optimality. For Case B the system's average unit transportation cost over the 524 entire planning horizon decreased by about 4% compared to the base MOO model. It 525 seems preferable to implement the system optimality plan in practice, however, often 526 such harvest area allocation to mills is not perceived as a fair allocation by all companies.
527
Specifically because of deactivating all the logistics constraints in the system optimal 528 model, the mills located very close to the forest will often take advantage of this inherent Nonetheless, proposition of such game theory models for cost-redistribution is out of the 538 scope of this paper; we refer readers interested in that field of research to the works done
539
by Audy et al. (2012a,b) . 
Conclusions and future works
541
In this paper, we studied the tactical forest management planning problem over a five-
542
year planning horizon in a multi-period, multi-product and multi-company setting.
543
According to the province of Québec's new Sustainable Forest Development Act, 544 currently the MFFP is the sole party responsible for developing such forest management 545 plans and from its planners' perspective it is of great importance to ensure that all 546 resources are being used in a balanced manner in terms of different criteria over longer 547 period of time (i.e. with the least deviation of criteria from their respective target).
548
In this research the considered resources were the harvest areas with their specific 549 attributes in terms of size, volume, species composition, and average tree size that should 550 be used robustly. Tables   Table 1. List Minimum/maximum percentage of product ‫'‬s allocation to mill ‫ݏ‬ to be of specie ‫‬ ∈ ܱ
Other input parameters Flow of product ‫‬ from harvest area ܽ to mill ‫ݏ‬ during time period ‫ݐ‬ (݉ ଷ ) ܺ ௦௧ ଶ Flow of product ‫‬ remaining inside harvest area ܽ (i.e., left uncut at forest during time period ‫ݐ‬ − 1) to mill ‫ݏ‬ during time period ‫ݐ‬ = 2 (݉ ଷ ); when ‫ݐ‬ = 1 this variable is set to zero.
‫ܮ‬ (௧ିଵ)
Volume of product ‫‬ that is left uncut at harvest area ܽ during time period ‫ݐ(‬ − 1) that must be cut and allocated during period ‫ݐ‬ (݉ ଷ ) ܻ ௧ Binary decision variable equals 1, if harvest area ܽ is selected to be harvested during time period ‫,ݐ‬ 0 otherwise. D r a f t 
Decision variables used in the linearization
